A BRIE1-' BACKGROUND 01 THE ELECTRO-CHEMICAL OXYGEN SENSORS IN IRON AND STEELMAKING PROCESSES
All steel products are known to be made at the present time by the following sequence of steps. Iron ore is reduced to molten iron (pig iron) in the blast furnace, using the carbon of coke as the reducing agent. In the process, the iron absorbs 3 to 5 per cent of carbon. However, most modern steel contains considerably less than 1 per cent of carbon: hence the excess carbon must be removed from pig iron to convert it into steel. This is achieved by the controlled oxidation of molten pig iron in a steelmaking furnace (Basic Oxygen Furnace). Because of such oxidation processes, the resulting molten steel inevitably contains oxygen. Close control of oxygen is essential from the standpoint of proper deoxidation, steel cleanliness, good recovery of alloy additives, metal yield and final product quality. For such controlling procedures, there is a strong incentive to develop a method which permits in-situ determination of oxygen in molten steel. This can be most directly achieved by using solid state galvanic sensors equipped with appropriate solid electrolyte and reference electrode. From an engineering point of view, in-situ solid state sensors that directly measure the concentrations or activities of dissolved oxygen in molten steel are preferable to devices which involve liquid steel sampling in a low temperature analytical procedure. An advantage of solid state sensors is that the output is an electrical potential, and can be readily used to actuate control circuits. In addition, since such sensors are portable, measurements can be conducted at various stages of the respective processes.
GENERAL DESCRIPTION OF ELECTROCHEMICAL OXYGEN SENSORS
The electrochemical cells used in oxygen probes can be expressed by: The typical design of a commercial oxygen probe is shown in Figure 1 
where Τ is the absolute temperature, F is the Faraday constant, R is the gas constant, and Ρ o 2 (ref.
) is oxygen partial pressure of reference electrode, and [%0]j is the oxygen concentration at the liquid steel/electrolyte interface. The equilibrium constant, K(2) is relevant to the following reaction: used is essentially an ionic conductor. The cell potentials for oxygen concentration in the range 200 to 500 ppm are still close to those given by the Nernst equation (curve 1). Between 100 and 200 ppm oxygen however, cell voltages are much lower than the Nernst behaviour: if the measured cell potentials were converted to the oxygen activities by the simple Nernst equation (1), then the difference between the measured oxygen activity and the actual one would be fairly significant.
Although good agreement is shown with curve 2 in Fig. 4 which was derived from equation (3) it is evident that in the presence of η-type electronic conduction, oxygen anions can diffuse from one electrode of higher Pq 2 to another of lower Po 2 -The rate of oxygen anion transport is given by /18/:
where dN(0 2~) /dt is the number of moles of oxygen anion transported through zirconia electrolyte per unit time, [%0]j is the oxygen concentration in pet by weight in liquid steel at the liquid steel/electrolyte interface, a ion is ionic conductivity of zirconia electrolyte, and L is the wall thickness of the electrolyte.
By tentatively assuming that there exists no oxygen potential gradient at the reference electrode/electrolyte interface, one may consider oxygen transport with the concentration gradient at the liquid steel/electrolyte interface, as shown in Figure 6 . Such a concentration gradient at electrolyte/electrode interface is referred as diffusion polarization. The rate of oxygen transport across this flow boundary layer is given by:
where dN(0)/dt is the number of moles of atomic Figure 4 . Although a fairly large scatter is associated with emf measurements at oxygen levels below 100 ppm, the broken line*well represents the experimental results.
Recent Developments in Electrochemical Oxygen Sensors Used for Iron and Steelmaking
It is apparent from equations (4) and (5) that the emf-[%0] b relationship can be significantly influenced by: (i) ionic conductivity, a ion , (ii) the parameter, and (iii) the thickness, L, of the electrolyte. The values of these parameters would be expected to remain consistent for a specific commercial probe design. However, it should be anticipated that these parameters will vary from one probe design to another. It is now understandable why different types of oxygen probes indicate different oxygen activities, even when measurements are made under the same condition.
In addition, it is evident that the performance of electrochemical probes is known to be strongly influenced by an unpredictable factor corresponding to the liquid-phase mass transport coefficient for oxygen in liquid steel. This parameter depends significantly upon the hydrodynamic condition of liquid steel, and it will vary from one steelmaking vessel to another. From the foregoing comment, it is very likely that even the same type of oxygen probe would frequently indicate different oxygen activities when the measurements are made under different conditions or in different vessels. This is shown in Figure 7 /19/. Curve 1 of the diagram indicates the relation between oxygen concentrations determined by electrochemical method in one steelmaking vessel and those obtained by chemical analysis. Good agreement is observed. When the emf measurements were made in another vessel, however, oxygen concentrations determined by oxygen sensors showed much lower values than those obtained by usual chemical analysis. This is illustrated by solid circles in Figure 7 . It is noted that the two sets of measurements were made with the same type of commercial oxygen sensors. The disagreement in measured oxygen concentrations between two vessels was eliminated by taking account of the diffusion polarization, as exemplified by open circles in Figure 7 .
Furthermore, equation (4) appears to give the information that the diffusion polarization at the liquid steel/electrolyte interface can be minimized by using An electrochemical oxygen probe designed to minimize diffusion polarization. After Janke 120/.
